During ripening of mangoes, color change kinetics were studied with Alphonso, Banganapalli, and Neelam varieties. The internal and external color change was recorded using CIE-Lab color coordinates. L, a, b, and total color difference (ΔE) values were measured for internal pulp and external peel during the ripening period. Four kinetic models viz. zero order, first order, fractional conversion, and logistic models were used for modeling using MATLAB. Among the explored models, the logistic model was found to be more suitable to predict the changes in all external color coordinates in all the three varieties. Internal color coordinates of different varieties were exhibited contrasting behavior. So different kinetic models were proposed to predict the internal color change for different variety. The fractional conversion model was found to be not suitable in color change kinetics during ripening of mango.
INTRODUCTION
Kinetic modeling is gaining interest in predicting chemical, physical, and microbiological changes during food processing and storage. [1] For the design of any unit operation process, kinetic modeling is necessary to derive basic kinetic information for a system in order to describe the reaction rate as a function of experimental variables. [2] Especially kinetics related to color changes in food products during processing and storage are a prime important phenomenon, since the quality judgment made by a consumer on a food is its visual appearance.
Color is one of the most important appearance attribute of food materials, it influences consumer acceptability. [3] Color change kinetics of food products is a complex phenomenon and dependable models to predict color change, which can be used in engineering calculations are limited. [4] Numerous researchers [1, 3, [5] [6] [7] [8] [9] [10] have studied the kinetics of color degradation of fruits and vegetables during thermal processing. Published research on kinetic modeling of fruit and vegetable color degradation during thermal processing were compiled and reported by Avila and Silva. [11] All these available reports dealt only about color degradation during thermal processing. During fruit ripening, green color pigment (chlorophyll) present in the peel starts to degrade and synthesis of red and yellow color pigments like anthocyanins and carotenoids takes place [12] [13] [14] [15] in most of the fruits like bananas, mangoes, and apples, etc. Only very few published work are available related to color change kinetics during post-harvest storage for bananas [16] and for tomatoes, [17] no evidence of reports about kinetics related to color change that occurs in mangoes during ripening.
Mango (Mangifera indica L.) is called the king of tropical fruits, ranks fifth in total production among major fruit crops globally. [18] India ranks first in mango production with an annual production estimated to be nearly 18 million tons. [19] Ripening of mango leads to external (peel) and internal (pulp) color change. These changes play a major role in mango pack houses and pulping industries while grading and selecting the fruits based on ripening level. In mango pack houses, the ripeness level and quality is decided by external (peel) color, and in pulping industry, the pulp color is important for optimizing the quality of products such as puree, juice and leather, etc. Kinetics of color change during ripening of mango is essential to optimize the related unit operations.
The color of food products can be specified by CIE-Lab three coordinates system viz. L, a, and b. The L-value is a measure of the lightness, the b-value indicates the change of the color from blue to yellow, and the a-value the change from green to red. [20] CIE-Lab was extensively used for kinetic modeling and reported by many authors in fruits and fruit products, such as blackcurrant syrup, [21] sultana grapes, [22] diced apples, [23] concentrated fruit pulp, [24] pear puree, [25] banana, [16] kiwi fruit, [3] and mango puree. [4] With this background, the objective of this study was to measure the internal as well as external color change and to develop related kinetic models for Indian mangoes during ripening.
MATERIALS AND METHODS

Sample Preparation
Fully matured Alphonso, Banganapalli, and Neelam mangoes were collected from two different locations viz. Krishnagiri and Theni districts of Tamil Nadu, India at 20 days interval in order to include the zonal differences also. The mangoes at 100-105 days from full bloom were harvested manually in the early morning and desapping was done meticulously. Mangoes were arranged in a plastic crates in single layer with proper cushioning and transported to the laboratory on the same day. The mangoes were washed and shade dried for 30 min and treated with ethylene in ripening chamber at 200 ppm for 24 h at 20°C with 85% relative humidity (RH) in the ripening chamber. [26, 27] After the treatment, the treated mangoes were kept in the chamber itself for regular analysis. Every day, three mangoes from each variety were taken randomly for color measurement and continued until the decay of fruit.
Color Measurement
The internal pulp color (L i , a i , and b i ) and external peel color (L 0 , a 0 , and b 0 ) were recorded using Hunter LAB color meter (Model: 45°/0°, M/s Hunter Lab, Reston, Virginia, USA). During midphase of ripening, the peel color may not be uniform throughout the surface, hence three measurements were taken at three different places around the surface of each fruit and the average value was taken for calculation. The internal pulp color was measured with the homogenous pulp made from each mango using laboratory grinder. Total color difference (ΔE) were calculated using Eq. (1) as reported by Chen and Ramaswamy. [16] ΔE
where ΔL, Δa, and Δb represent the deviations of the individual values from the respective values from a fully ripe sample.
Kinetic Considerations
According to Avila and Silva, [11] Chen and Ramaswamy, [16] Gupte et al., [5] Maskan, [3] Nisha et al., [8] Nisha et al., [1] Shin and Bhowmik, [6] and Weemaes et al., [7] four models viz. zero-order (Eq. [2] ), first-order (Eq. [3] ), fractional conversion model (Eq. [4] ), and logistic model (Eq. [5] ) were selected for the kinetic modeling.
where C 0 and C f are the initial and final equilibrium values of the color value C (L-, a-,and b-values), respectively, U 0 is a constant value related to the initial C-value, U is a constant value related to the final C equilibrium value, k is the reaction rate constant, t is the time and t 0 is the time constant value when C-value increases (decreases) to half of U-value.
Statistical Analysis
The analysis of variance (ANOVA) was carried out to test the significance of color change during ripening. Then the observed color change data were fitted to the selected models and the regression coefficients and goodness of fit parameters were found using the MATLAB 7.5. The graphical representations along with the predicted models were prepared using MS-Excel 2007.
RESULTS AND DISCUSSIONS
The color measurement were made up to 19 days for Alphonso, 23 days for Banganapalli, and 22 days for Neelam. The ANOVA revealed that the color change in all the three varieties were highly significant (p < 0.01) with respect to the ripening period. The results obtained from the modeling with the selected models were compared for its goodness-of-fit parameters (R , and lower RMSE values were tabulated along with the regression coefficients ( Table 1) . Logistic model were found as best suitable for predicting the changes in most of the color coordinates irrespective of variety.
Changes in the External Color
During ripening, the external peel color of mango turn from green to a yellowish red color and lead to increase of all L, a, and b color coordinates. This may be due to breakdown of chlorophyll leading to disappearance of green color and development of carotenoids in the peel. [15] The changes in external color coordinates and corresponding best fitted kinetic model values were plotted against ripening period (Fig. 1) . Similar increasing trend was reported either or all of the L, a, and b coordinates during ripening in bananas, [16, 28, 29] in Dashehari mangoes, [15, 30] in tomatoes, [17] and in guava. [31] COLOR OF RIPENING INDIAN MANGOES Logistic incresing model was found to be the best suitable for predicting extrenal peel color coordinates (L o , a o , and b o ) for all the three varieites with higher R 2 -value and lower RMSE ( Table 1 ). Chen and Ramaswamy [16] reported that logistic incresing model was well accord with change in L-values, zero order for the changes in a values and fractional conversion for the changes in b-values of banana peel during ripening. But in this present study, fractional conversion model did not yield higher goodness-of-fit values, since color change is a continues process even after full ripening. Moreover the fruit decay started immediately at the end of ripening, so the equlibrium color values (C f ) could not be attained. Since logistic model had higher R 2 -value (>0.90) for all the external color coordinates, it could be used to predict the external color change in indian mangoes during ripening.
Changes in the Internal Color
During ripening, the pulp color had changed from white or whitish yellow to yellow or reddish yellow. This may be due to the development of carotenoids in the pulp during ripening. [15] Hence, the a i -and b i -values were increasing and the L i -values were decreasing until end of ripening. A similar changing trend was found in internal color in all the three mango varieties (Fig. 2) . Major changes in a i -and b i -values was observed between 5th to 10th day of ripening in all the three varieties. This may be due to the acceleration in ripening in the 2nd week. Changes in L i -values had shown different pattern for different variety. So different models viz. logistic decreasing model, first-order, and zero-order models were found suitable to predict the changes in L i -values in Alphonso, Banganaplli, and Neelam, respectively. Though a slight deviation was found between observed and predicted data in Banganaplli and Neelam, firstorder and zero-order models were sufficient to explain the changes in L i -values for these 
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pattern than other two varieties and zero order was found suitable to predict the changes (Fig. 2c) . From these observation, it could be concluded that, one single model could not be proposed for the prediction of internal color changes for all the three variety mangoes alike the prediction of external color change with logistic model. Different model has to be employed while predicting the internal color coordinates in different varieties.
Changes in Total Color Differences
The changes in total color differences was calculated using Eq. (1) for both internal and external color coordinates and plotted against ripening period (Fig. 3) . Various trend in total color differences could be observed for different variety during ripening. The total color differences occurred in external peel color was better predicted with logistic decreasing model, zero-order, and first-order models for Alphonso, Banganapalli, and Neelam, respectively. On the other side, the total color differences occurred in internal pulp color was better predicted with logistic decreasing model for Alphonso and Banganapalli mangoes and first-order was found suitable for Neelam mangoes. All these best suited models with the observed data were shown in Fig. 3 for every variety. Chen and Ramaswamy [16] reported the logistic model as a best suitable model for prediction of total color differences in banana peel. 
COLOR OF RIPENING INDIAN MANGOES
CONCLUSION
The internal and external color change was observed during the ripening of three Indian mango varieties. CIE-Lab color coordinated were measured throughout the ripening period and kinetic study was carried out. From this study, it was found that the logistic model would be more suitable to predict the external color change in Indian mangoes during ripening. Different models were found suitable for predicting internal color in different variety. These findings would be useful in ripening process optimization and quality prediction in Indian mangoes. At the same time, single suitable model for predicting the internal color values could not be found. Future studies may be carried out to explore a single better predicting model for the internal color change of indian mangoes during ripening. With the above results, a specific suitable model could be employed to predict the external and internal color behavior of Alphonso, Banganapalli, and Neelam mangoes during ripening.
